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Description 

The invention relates to an optical device comprising 
a multiple focal point phase zone plate. 

Refraction and diffraction are two mechanisms by 
which optical effects are characterized. Diffraction theory 
concerns itself with the propagation of light. It is generally 
useful to consider the particular case of propagation 
through an aperture. The aperture may be an empty re- 
gion defined simply by its boundary. Or it may be a region 
of optical material of varying thickness and/or varying re- 
fractive index, so as to selectively retard various portions 
of the incident wavefront. In any case, as light squeezes 
through such an aperture it is said to undergo 'diffraction'. 

Sometimes when light passes through an aperture, 
there is found to exist a point in space where the light 
seems to be concentrated or focussed. There exists a 
subset of these situations wherein this focal point can be 
calculated by use of a simple equation known as Snell's 
Law. These special cases occur when the optical mate- 
rial contained within the aperture is smoothly and very 
slowly varying, and the dimensions of the aperture are 
large. When all of this is true, light can be characterized 
as being propagated by the special case of diffraction 
that is called 'refraction'. 

However, because this situation is so common, re- 
fraction is often viewed to be a complete theory. But in 
the case where there are sharp cuts in a lens, the 
'smoothly varying' requirement is violated and the calcu- 
lation of light propagation requires the more general the- 
ory of 'diffraction'. 

The term 'refraction' would be used whenever cir- 
cumstances involved only apertures with smoothly var- 
ying internal structures. The term 'diffraction* would be 
used whenever circumstances involved apertures 
whose internal structures comprised sharp boundaries 
and abrupt changes in optical path lengths. 

Even in the simple cases however, diffraction theory 
is used for an exact solution that would not be obtainable 
using refraction theory. 

The operation of any lens can be explained by the 
laws and rules pertaining to diffraction whereas the laws 
and rules pertaining to refraction will not explain the op- 
eration of a phase zone plate in a carrier lens. A "phase 
zone plate" (as employed herein and in the claims) is a 
unitary optical region of a lens utilizing the combination 
of a zone plate and optical facets in the zones, said com- 
bination diffracts light to produce a specific wavefront 
which results in a specific intensity distribution of light at 
the various order (e.g., 0 th , 1 st , etc.) foci of the zone plate. 

The Cohen patents [Allen L. Cohen, U.S. 4,210,391; 
4,338,005; and 4,340,283 ("Cohen patents")] are direct- 
ed to the use of phase zone plates in the optic zone of a 
carrier lens to achieve a multifocal effect. A lens that uti- 
lizes a phase zone plate in the optic zone of a carrier lens 
to achieve a useful multifocal effect is characterized 
herein and in the claims hereof to be a "Cohen lens de- 
sign." The optical properties and utility of a Cohen lens 



design is explained in terms of the laws and rules relating 
to diffraction. 

A Cohen lens design utilizes a phase zone plate de- 
sign of concentric zones wherein the radii "r k " of the con- 

s centric zones are substantially proportional to Vk and the 
zones are cut so as to direct or diverge light to more than 
one focal point. This Vk spacing is unique to diffraction 
and there is no analogous spacing pattern that occurs in 
refractive lens design. 

10 A phase zone plate which generates a multifocal im- 
age is a lens and can be used independent of a carrier 
lens for the purpose of magnification or minification. 
When a phase zone plate is placed in carrier lens, and 
it dominates the optic zone region of the carrier lens, it 

is will control the relative brightness of the multiple images 
created by the lens device. In addition, such a phase 
zone plate that dominates the optic zone region of a car- 
rier lens device will contribute to the quality and nature 
of the image at a given foci. The significance ol such a 

20 phase zone plate is its ability to control the transmitted 
light to the various orders as evidenced by the various 
foci, the chromatic dispersion effects at the various or- 
ders and the reduction in intensity of the light at the var- 
ious orders, reflecting efficiency loss inherent in a multi- 

25 focal phase zone plate. For example, a divergent or con- 
vergent or piano lens will dictate the magnification or 
minification of the light transmission and a phase zone 
plate in the lens will control the relative intensity of light 
at various focal points, and in this respect will create foci 

30 at the higher orders. This is simply illustrated by lens de- 
vices utilizing a phase zone plate that is a Fresnel zone 
plate possessing zone spacing according to Vk with par- 
abolicalty shaped echelettes (which means they exhibit 
a linear profile in r 2 space) that have a depth that accord 

3* with the design wavelength; e.g., if the design wave- 
length is yellow light which measures 555 nanometers, 
then the physical depth (or optical path length) of the 
echelette will be about 0.00555 millimeters, according to 
the relationship A/fa'-Ti) where if = 1 .43, t| = 1 .33 and X 
is the design wavelength, in this case that of yellow light. 
This phase zone plate, regardless of whether the carrier 
power of the lens body is divergent or convergent or 
piano, will be a monofocal lens device for the design 
wavelength and will direct all of the light of the design 

45 wavelength to the first order focal point along the axial 
axis of the optic zone. This means that a user of the lens 
device will see only near objects and will not be able to 
see distant objects even though the carrier power of the 
lens would, in a smooth lens device relying on the math- 

50 ematical relationships utilized in refraction, allow visual 
transmission of distant objects. The phase zone plate is 
directing the light by diverting it to the near focal point. 
The lens structurally is the carrier for the phase zone 
plate. In this case, the phase zone plate is dictating the 

55 direction in which light is transmitted and is determining 
visual precision at the various focal orders. Moreover, in 
a bifocal lens of the Cohen lens design, in which light is 
transmitted to the 0 th order, the phase zone plate will 
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contribute to the chromatic intensities at the 0 th order of 
wavelengths other than the design wavelength. Though 
the image at the 0 th order is not per se changed, it is 
affected by the phase zone plate. Regardless of the lo- 
cation of the 0 th order with a lens utilizing a phase zone 
plate in the optic zone, all light going to the 0 ,h order is 
transmitted through the phase zone plate, and thus is 
diffracted light. 

From the preceding, there is demonstrated the fact 
that a smooth optic zone will direct light to only one focal 
power, i.e., the 0 th order, and a phase zone plate optic 
zone, utilizing diffraction, can direct light to only one focal 
power, the 1 st order. It is the dominating directional pow- 
er of diffraction in this case which diverts the light to the 
1 st order. The Cohen lens design, in its uniqueness, uti- 
lizes diffraction to direct light to more than one focal pow- 
er. It directs the light to more than one focal power by 
utilizing phase shifting by either (i) cutting into the phase 
zone plate to after its thickness according to an appro- 
priate scheme or (ii) altering the refractive index of the 
lens body at zones within the phase zone plate. By var- 
ying the inclination of the zones it is possible to vary, thus 
phase shift, the transmitted light. 

The Cohen lens design employs, in one embodi- 
ment, alternating and inclined half-period zones which 
are termed odd and even zones to obtain a multifocal 
effect. Each such zone reduces the thickness of the car- 
rier lens body by the degree of the inward inclination. 
This kind of inclination will optically phase shift the light 
being transmitted by the lens in a varying relationship. 
The more pronounced the variation in phase shifting, the 
more light is directed or diverted to the higher orders. If 
the inclination is relatively less, the variation in phase 
shifting is less and more of the transmitted light will be 
directed from the lens surface to lower order focal points. 
It is through these variations in inclination and the profile 
of the inclination that one may dictate the direction of dif- 
fracted light to more than one focal power. 

The Cohen lens design also teaches variations in 
refractive index through the use of embedded materials 
in surfaces of the lens as another mechanism other than 
surface relief profile to control phase shifting. 

The inclined zones of the Cohen lens design follow 
the principles of Fresnel zones as discussed by H. Ruhle, 
U.S. 3,004,470, patented October 17, 1961, except that 
the Cohen lens design incorporates the Vkspacing. Ruh- 
le shows that a stepped Fresnel parabolic lens zone is 
nothing more than a smooth version of stepped inclined 
pairs of surfaces. 

In a multifocal phase zone plate of a Cohen lens de- 
sign, the alternating odd and even zones provide varia- 
tions in the optical path length to phase shift the trans- 
mitted light. These zones may reside within a full-period 
zone or exist through the use of multiple half-period 
zones. A full-period zone is defined by the smallest re- 
petitive sequence of facets within a phase zone plate 
which are spaced substantially proportional to Vk. Such 
spacing is characterized by the formula: 



r k =72kdX 

where d represents the 1 61 order focal length and X is the 
design wavelength. A half-period zone, for the purposes 
s of this invention, is characterized by the formula: 

r k =*Vkdl 

A full-period zone in a phase zone plate is recog- 
nized as comprising a pair of alternating zones having 

10 half-period spacing. A full-period zone may contain non- 
continuous blazing or continuous blazing. A full-period 
noncontinuous blazing constitutes an independent pro- 
file that contains a discontinuity usually at about the 
half-period thereof and a full-period continuous blazing 

is constitutes an independent profile that is free of discon- 
tinuities that are in the form of steps, that is, it is contin- 
uous, over the width of the full-period. Since each 
half-period zone of a full-period zone differs to the extent 
that incident light of the design wavelength is phase shift- 

20 ed differently, each zone will contribute to the ingredients 
necessary to directing or diverting light to multiple focal 
points. 

It has been pointed out in the prosecution of De Car- 
le, U.S. Patent No. 4,704,016, patented November 3, 

2S 1987, that 

B [T]he Fresnel zone plate or lens operates on the 
principle that adjacent zones pass light which is mutually 
out of phase by a half period so that if alternate zones 
are blacked out, the light passing through the plate and 

30 arriving at a point distant from the zone plate will be 
brighter than in the absence of the zone plate because 
destructive interference has been avoided. In order to 
achieve this effect, it can be shown mathematically that 
the radii bounding the zones are, to a first approximation, 

35 equal to: 

and 

7(n+1) f X 

where f = zone plate focal length, n = 0, 1 , 2, 3, 4.., and 
40 X- wavelength of the light In the case of a zone plate 
having a power of, for example, 5 diopters, which is a 
typical power of ophthalmic lenses, the size of the first 
zone would be of the order 0.3mm while the width of the 
eighth zone would be of the order of a few hundreths of 
46 a millimeter. The efficiency in terms of the sharpness of 
the image focused by the zone plate will increase with 
the number of zones so that for reasonable optical prop- 
erties a plate with a large number of zones is desired." 
Freeman and Stone, Transaction BCLA Confer- 
50 ence 1987 , page 1 5, utilize about 6 full-period zones for 
a +1 Diopter add. That would translate into 12 half -period 
zones. 

Thus there has been a recognition by some skilled 
in the art that lenses of the Cohen lens design require a 
55 substantial number of zones to achieve a sharp image. 
However, lenses which necessitate the presence of such 
a large number of zones in a bifocal lens would deprive 
a significant number of people from the benefits of con- 
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tact and intraocular lenses of the Cohen lens design. 

There are many eye conditions which require spe- 
cial variations in the design of the phase zone plate of a 
Cohen lens design. For example, cataract patients are 
generally older in years and therefore have small pupils. 
In such cases their treatment can involve the implanta- 
tion of an intraocular lens (IOL). There are situations 
where it is desirable to use an IOL containing a bifocal 
phase zone plate. Because of the pupil reduction in such 
patients, the phase zone plate should be operative within 
a very small aperture to accommodate the size of the 
pupil. In addition, because of the placement of a phase 
zone plate IOL within the eye, the aperture stop would 
be reduced to about 85% of the apparent pupil size. 
Therefore, the phase zone plate should be operative in 
a region smaller than the iris size which is only 85% of 
the apparent pupil size. 

There is the need for a bifocal contact or IOL optical 
device which solves the pupil reduction problem by pro- 
viding a reasonable number of discontinuities within a 
small optic zone so as to accommodate a small pupil size 
such as exists in the case of cataract patients. 

In accordance with the present invention, there is 
provide an optical device comprising a multiple focal 
point phase zone plate having blazed facets in a plurality 
of annular concentric zones spaced according to the for- 
mula r k = V (constant x k) where r k is the half-period zone 
radius for zone k and k = 1 , 2, 3, etc., characterised in 
that the even zones at each interface between an even 
and an odd half-period zone at the odd zone radii r k , 
where k is an odd number, exhibit a zone depth which is 
twice the zone depth of the odd zones at each interface 
between an odd and an even half-period zone at the 
even zone radii r k , where k is an even number, and each 
interface between an odd and even half-geriod zone at 
the even zone radii r^ where k is an even number, ex- 
hibits a continuous profile, said zone plate providing two 
or more focal points even when used with aperture stops 
as small as one full-period zone. 

An embodiment of the invention can thus provide a 
lens possessing the Cohen lens design which solves the 
problem of providing a bifocal lens usable as an IOL or 
as a contact lens that accommodates a small pupil size, 
such as exists in the case of cataract patients. 

An embodiment of the present invention embraces 
an optical element containing a phase zone plate con- 
taining annular concentric zones possessing blazed fac- 
ets which splits light to at least two distinct focal points 
and which may utilize a single full-period zone of a phase 
zone plate. 

An embodiment of the invention encompasses a dif- 
f ractive bifocal optical element comprising a phase zone 
plate containing annular concentric zones in which the 
zones are spaced substantially proporitional to Vk, the 
odd zones possessing blazed facets with an optical path 
length (depth) one-half the optical path length (depth) of 
the even facets and discontinuous jumps in the profile 
only at the odd radii. This element splits the light into two 



focal points even when restricted by an aperture stop as 
small as one full-period zone. 

An embodiment of the invention provides a lens de- 
vice containing a multiple focal point profiled phase zone 
s plate which provides two or more distinct focal points 
even when used with aperture stops as small as one 
full-period zone. The phase zone plate has blazed facets 
comprising a plurality of annular concentric zones 
spaced according to the formula 

W Cconstantxk) , 

where k is a zone and is equal to 1, 2, 3, etc., as the 
zones progress from the central axis of the phase zone 
plate to the periphery of the phase zone plate, in accord- 
's ance with the Cohen lens design. In this formula, r k is 
the half-period zone radii, with the zones and zone radii 
being odd or even in accordance with the value of k as 
k alternaties progressively odd and even from the central 
axis to the periphery of the phase zone plates. In this 

20 inventbn, the depth over the half-period zones is about 
one-half the depth of the interface between an even and 
odd half -period zone at the odd zone radii Vk, in which 
case k is an odd number, and each interface between an 
odd and even half-period zone at the even zone radii r k , 

2S in which case k is an even number, exhibits a continuous 
profile with no discontinuous step. 

Embodiments of the invention are described herein- 
after by way of example only and with reference to the 
drawings, in which: 

30 Figure 1 is a front view of a lens device which can 
represent either a contact lens or an IOL, showing the 
Vk spacing of blazed facets encompassed by the Cohen 
lens design. All cross-sect ion views hereafter depcited, 
with the exception of Figures 5, 6 and 8, are of a quarter 

35 section of the lens device possessing the phase zone 
plate design of Figure 1 f taken along lines 2-2. Figures 
5, 6 and 8 represent half section views taken along the 
hatched line bisecting the phase zone plate. 

Figure 2 is a cross-sectional view of a quarter sec- 

40 tion of a phase zone plate inclusive of that shown in Fig- 
ure 1. This figure shows a parabolic profile taken along 
lines 2-2 of Figure 1, depicting a phase zone plate of a 
lens possessing the Vk spacing of Figure 1 , but differs 
from the Cohen lens design in that this profile with an 

46 echelette depth of \ will not provide a multifocal effect. 
Figure 3 is a cross-sectional view of a quarter sec- 
tion of another parabolic profile taken along lines 2-2 of 
Figure 1 , showing a phase zone plate of a lens incorpo- 
rating the Vk spacing of Figure 1. The parabolic profile 

so and the echelette size of this phase zone plate does ac- 
commodate the Cohen lens design because this profile 
with an echelette depth of a/2(iV-rt) will provide a multi- 
focal effect 

Figure 4 is intended to show, in a cross-sectional 
ss representation, the true proportional dimensional rela- 
tionships of height to width as well as profile, of the first 
echelette of Figure 2, defined by the full period radius r 2 . 

Figure 5 shows the transmission of light emanating 
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from a cross-sectional view of the phase zone plate de- 
sign of Figure 2 demonstrating the monofocal character- 
istic of the phase zone plate. It is important to note that 
no light is transmitted to the 0 ,h order. 

Figure 6 show the transmission of light emanating 
from a cross-sectional view of the phase zone plate de- 
sign of Figure 3 which is of a Cohen lens design, dem- 
onstrating the bifocal character of the phase zone plate. 
It is important to note that light is transmitted to the 1 st 
and 0 th orders. 

Figure 7 compares the cross-sectional profile of a 
lens of the Cohen lens design possessing multifocal light 
transmission properties as illustrated in Figure 3 and the 
cross-sectional profile of an example of a lens possess- 
ing the properties of Figure 7 of Cohen, U.S. 4, 21 0, 391 , 
to the cross-sectional profile of lens of Figure 2 which 
provides a monofocal transmission characteristic. 

Figure 8 is a cross -section view of a full phase zone 
plate constructed according to the profile of Figure 1 . In 
this case, the phase zone plate accords with that of Fig- 
ures. This figure illustrates the wave effects derived from 
the diffraction characteristics of the phase zone plate and 
the directional capabilities of a phase zone plate to de- 
velop optical images at two foci. 

Figure 9 is a graph showing the correlation of inten- 
sity of light observed at the 0 th and 1 st orders and the 
echelette depth of echelettes possessing parabolic pro- 
files as illustrated in Figures 2 and 3 above. 

Figure 10 is a cross-sectional view of a small aper- 
ture phase zone plate of this invention. 

Figure 11 A illustrates by common fill patterns, the 
radii that combine to form the full-period zones of the 
small aperture phase zone plate of Figure 10. 

Figure 11 B illustrates the odd and even zones by 
common fill patterns of the aperture phase zone plate of 
Figure 10. 

Figure 12 characterizes the distribution of light and 
light intensity of the phase zone plate of Figure 6, in con- 
junction with an aperture stop of two full-period zones. 

Figure 13 shows the distribution of light and light in- 
tensity of the phase zone plate of Figu re 6, in conjunction 
with an aperture stop of one full-period zone. 

Figure 1 4 shows the distribution of light and light in- 
tensity of the phase zone plate of Figure 10, in conjunc- 
tion with an aperture stop of two full-period zones. 

Figure 15 shows the distribution of light and light in- 
tensity of the phase zone plate of Figure 10, in conjunc- 
tion with an aperture stop of one full-period zone. 

Figure 1 6 shows the cross-sectional view of the pro- 
file of a phase zone plate described in copending appli- 
cation serial number 222,000, filed July 20, 1988. 

Figure 17 is a cross-sectional view of an aperture 
lens of this invention utilizing the profile characteristics 
of the phase zone plate design illustrated in Figure 16. 

Details Of The Invention 

This invention employs a multifocal optical device 



which utilizes a phase zone plate possessing Vk zone 
spacing and blazed facets in the zones. The zones radi- 
ate annular ly as to each other and are cylindrically dis- 
placed from each other about a central axis. In a desired 

5 embodiment, there are alternating zones that differ suf- 
ficiently from each other that incident light transmitted 
through the phase zone plate will be displaced to a plu- 
rality of focal points configured on the central axis ex- 
tending from the central axis of the phase zone plate. It 

io is preferred that the intensities of light at at least two of 
the focal points are sufficient for viewing images at those 
focal points. 

The invention utilizes a special zone relationship 
such that a minimum of zones are required to achieve 

is useful images at more than one focal point taken along 
the central axis of the phase zone plate. It is a tribute of 
this invention that as little as one full-period zone com- 
prising two half-period zones that differ, is all that is re- 
quired to achieve a meaningful multifocal effect. Howev- 

20 er, the invention includes the use of more than one 
full-period zone of the desired phase zone plate design 
of the invention. 

This invention in its preferred aspects utilizes a Co- 
hen lens design to achieve a multifocal phase zone plate 

25 that is operative to achieve meaningful light intensities 
at two or more images when utilized with a minimum or 
small opening (aperture) of the entrance pupil of the eye. 
In a preferred embodiment, the invention is directed to a 
bifocal lens in which at least 20% of the incident light 

30 transmitted through the lens goes to the 0 th order and at 
least 20% of the incident light transmitted through the 
lens goes to the 1 3t order. 

In order to better understand the invention, refer- 
ence is made to the drawings. Figure 1 is a front view of 

35 a contact lens, and can also represent an IOL, showing 
the Vk spacing of blazed facets encompassed by the Co- 
hen lens design. Figure 1 shows a phase zone plate con- 
taining 16 zones, ^ through r 16 . The odd zones are r 1s 
r 3 , r 5 , r 7 , r 9 , r 1t , r 13 , and r 15 . The remaining zones are 

40 the even zones. In this context, each zone may be a 
half-period zone if the smallest repetitive sequence of 
facets within the phase zone plate which are spaced sub- 
stantially proportional to Vk is the combination of repeti- 
tive odd zone and even zone. 

45 in Figure 1, each odd zone is demarcated by 
hatched lines whereas each even zone is demarcated 
by solid lines. This characterization was chosen to signify 
that the odd zones are intended to be demarcated within 
the continuous profile of the full-period zone to which the 

50 contiguous even zone is a part. 

Figure 2 is a cross-sectional view of a parabolic pro- 
file taken along lines 2-2 of Figure 1, depicting a phase 
zone plate of a lens possessing the Vk spacing of Figure 
1 . However, the parabolic profile and echelette size of 

55 this phase zone plate does not accommodate the Cohen 
lens design because this profile with an echelette optical 
path length (depth) of X will not provide a multifocal ef- 
fect In this embodiment, not inclusive of the invention, 
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the optical path length (depth) of each echelette is equal 
to A/ft'-ri), in which X is the design wavelength of the 
lens, preferable that of yellow light, and if and ti are de- 
scribed above. In this specific combination of profiles, the 
odd and even zones are the same because the lens 
transmits the incident light to only one focal point, the 1 st 
order. In this case, the odd and even zones act exactly 
alike in their ability to divert the incident light. This indi- 
cates that they are the same and neither directs light to 
a focal point any different from the other. 

Figure 3 is a cross-sectional view of another para- 
bolic profile taken along lines 2-2 of Figure 1 , showing a 
phase zone plate included within a lens of the design of 
the lens Figure 1 , i.e., possessing the Vk spacing of Fig- 
ure 1 . The parabolic profile and the echelette size of this 
phase zone plate does accommodate the Cohen lens 
design because this profile with an echelette depth of A/2 
( t l ,_T l) will provide a multifocal effect. In this particular em- 
bodiment, the angles of the respective odd and even 
zones are sufficiently different that each odd and even 
zone possesses multif ocalrty. In that case, the odd zone 
possesses the ability to direct light to one focal point and 
the even zone possesses the ability to direct light to an- 
other focal point; and both possess the ability to direct 
light to both focal points. This will be more particularly 
discussed in the following. 

In order to give some perspective to the relative di- 
mensions of these phase zone plates, the relative dimen- 
sions of a single full period zone for the lens of Figure 2 
is illustrated in Figure 4. Figure 4 is a cross-sectional 
view of the first-full period zone containing odd zone ^ 
and even zone r 2 . It can be seen from this illustration 
that the depth of an echelette is very small and that the 
profile of the echelette is a gradually sloping one. The 
Figure 4 depiction was computer generated and reflects 
the inability of the computer program to draw the profile 
of the echelette with accuracy and free of interruptions 
in the slope of the profile. 

With respect to Figure 5, there is shown a cross-sec- 
tional view of a phase zone plate 16 having echelettes 
according to Figure 2 where the depth of each echelette 
is Mn'-ti), located in a piano lens body 1 0 (only a surface 
depth of the lens equal to the depth of the phase zone 
plate is shown). This figure illustrates the transmission 
of light 12 emanating from the phase zone plate to the 
1 st order ft) with no light (14) being transmitted to the 
0 th order (f 0 ). This demonstrates he monofocal charac- 
teristic of a phase zone plate utilizing the traditional par- 
abolic profile when the depth of the blazing is M(n/-T|). 

Figure 6 ahows the effect of designing the depth of 
the echelette to A/2(n/-Ti). In Figure 6, there is illustrated 
a phase zone plate 26 in a piano lens 20, exhibiting the 
same parabolic profile that is used in Figure 5 but de- 
signed according to the description in Figure 3. This fig- 
ure demonstrates that the light transmitted through the 
lens is split and light 22 is directed to the 1 st ft) order 
focal point and light 24 is directed to the 0 th (f 0 ) order 
focal point. The nature of that split is described below. 



Figure 7 is a cross-sectional view of a variety of su- 
perimposed phase zone plates each having the spacing 
of the phase zone plate of Figure 1 . Its primary mission 
is to compare the profile of Figure 2 to that of Figure 3 

5 and the profile of a phase zone plate profile taken from 
U.S. 4,210,391. The profile represented by the parabolic 
curves 30 is the phase zone plate profile of Figure 2, 
whereas the profile represented by the parabolic curves 
32 is the phase zone plate profile of Figure 3. However, 

10 also shown are the parabolic curves 34 of the profile 
based upon Figure 7 of Cohen, U.S. 4, 210, 391. Each 
of the phase zone plates possess odd and even zones, 
the zones being half-period. The variety of echelette pro- 
files vary in two optical path lengths (depth), X/(n'-n) and 

is M2(t(-t[). This Figure 7 compares the cross-sectional 
profile of a lens of the Cohen lens design possessing 
multifocal light transmission properties as illustrated in 
Figure 3 herein, and the cross-sectional profile of an ex- 
ample of a lens possessing the properties of Figure 7 of 

20 Cohen, U.S. 4, 210, 391 , to the cross-sectional profile of 
lens of Figure 2 which provides a monofocal transmis- 
sion characteristic. 

The profile of the echelettes in Figure 7 illustrate that 
the profiles cut through the radii of the r^ , or the pe- 

25 rimeters of the odd zones, at a depth that is 1/2 that of 
the step of the echelettes. Thus, profile curves 30 cut 
through at each r^ boundary at a depth of 7J2[x\'-t\) 1 
profile curves 32 cut through the radii of the r^ bound- 
ary at a depth of M4(t\'-t\), and profile curves 34 cut 

oo through the radii of the r odd boundary at a depth interme- 
diate of X/2(tV-tO and A/4(tV-ti). 

That profile characterized by curves 34 is based on 
the lens profile described in Figure 7 of Cohen, U.S. 4, 
210, 391, employing for that figure, the design parame- 

35 ters set forth at column 3, lines 20 and 21 of the patent. 
That lens yields an equal split ol the incident light to the 
1 st and 0 th orders of about 36%. The primary difference 
between that lens profile and the profile illustrated in Fig- 
ure 3 is the presence of a clear visual demarcation at the 

40 boundaries of the odd zone in the case of the profile 
formed by curves 34 while curves 32, at odd zone bound- 
aries, are smoothed out. 

The scale of the graphical depictions in Figures 2, 3 
and 7 for the later full period zones in the phase zone 

45 plates make it difficult to visualize the parabolic shape 
actually present in the echelettes. Figure 4 makes it eas- 
ier to appreciate the relationship of the width of the zones 
relative to the elevation of the step forming the odd 
zones. 

50 The consequence of the reduction in the depth of 
the parabolically profiled echelette from one wavelength 
deep to one-half wavelength deep can be seen in Figure 
8. Figure 8 illustrates a cross-sectional view of a full 
phase zone plate constructed according to the profile of 

55 Figure 1 . In this case, the phase zone plate accords with 
that of Figure6 and utilizes the profile described in Figure 
3. This figure illustrates the wave effects derived from 
the diffraction characteristics of the phase zone plate and 
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the directional capabilities of a phase zone plate to de- 
velop optical images at two foci. The light waves trans- 
mitted from the surface of the phase zone plate are di- 
rected by the phase zone plate to two primary focal 
points, the near 1 st focal point and the far 0 th focal point. 

As pointed out in Figure 5, if the depth of the 
echelettes in the Figure 8 depiction were Mn'-n). that is, 
one wavelength (design) deep, all of the incident light of 
that wavelength would be directed to the near 1 st order 
focal point. By shifting the angles of inclination of the odd 
and even zone, fight is phase shifted and directed by the 
phase zone plate to one or more other focal points. In 
the case of Figure 8, the other primary focal point is the 
far 0 lh order. 

Figure 9 graphically demonstrates the correlation of 
intensity of light observed at the far 0 th and near 1 st or- 
ders and the depth of echelettes possessing parabolic 
profiles as illustrated in the previous figures. It shows that 
as the depth of the echelette is reduced below one-half 
wavelength (design), that is, A/xfri'-rj), where x is greater 
than 2, more of the incident light is directed to the far 0 th 
order. As the depth approaches zero, more and more of 
the light intensity goes to the 0 th order and eventually 
multifocality is lost, i.e., not enough light intensity is di- 
rected to at least 2 focal points to provide useful images 
at those focal points, and a practical multifocal lens is not 
possible. This same phenomena can be seen with the 
increasing of echelette depth. As the depth increases, a 
proportionally greater amount of the light intensity is di- 
rected to the near 1 st order focal point. As the depth ap- 
proaches A/(tV-ti) s more and more light is directed to the 
near 1 st order, and eventually multifocality is lost, i.e., not 
enough light intensity is directed to at least 2 focal points 
to provide useful images at those focal points, and a 
practical multifocal lens is not possible. 

Figure 10 is a cross-sectional view of an aperture 
phase zone plate possessing unique profile relationships 
and which provides additional insight into the functional- 
ity of multifocal lenses of the Cohen lens design. In Fig- 
ure 10, the odd zones are what one might view as the 
even zones of the phase zone plate profile of Figure 3. 
In this instance, the odd zone r, has a depth of U4{rf*\) 
and the even zones all start with a depth of A/2(ti , -ti). 
Each odd zone r 3 and greater forms a continuous profile 
with the profile of the contiguous even zone r 2 and great- 
er. In this profile, the profile of the phase zone plate of 
Figure 3 is translated by exactly one half-period zone. 

This translation of the lens of Figure 3 allows the lens 
of Figure 10 to satisfy a patient's need for a phase zone 
plate that is operative within a very small aperture to ac- 
commodate the reduced aperture size of the pupil stem- 
ming from cataracts. It is through the translation of the 
odd and even zones that it is possible to provide a bifocal 
contact or IOL optical device which solves the pupil re- 
duction problem by providing a reasonable number of 
discontinuities within a small optic zone so as to accom- 
modate a small pupil size such as exists in the case of 
cataract patients. 



The phase zone plate of Figures 3 and 6 was de- 
signed to produce equal intensities at both the 0 th order 
and 1 61 order focal points. The intensities of light at these 
focal points are given as the squares of the vector am- 
s plitudes shown in the brightness graphs of Figures 12 
and 1 3. A rotation (phase shift) applied to any of the vec- 
tors will have no effect on the light intensities. However, 
such vector rotations are realized by shifting (translating) 
the phase zone plate profiles. 

10 This advantage is further explained in the subse- 
quent drawings. With respect to Figure 11 A, there is 
shown by common fill patterns, the radii that combine to 
form the full-period zones of the aperture phase zone 
plate of Figure 10. On the other hand, Figure 11B illus- 

is trates the odd and even zones by common fill patterns 
of the aperture phase zone plate of Figure 10. 

Figure 12 shows the lens of Figures 3 and 6 in con- 
junction with an aperture stop that restricts the incident 
light to two full-period zones and its corresponding graph 

20 of brightness versus focal power, showing two focal 
points of equal brightness. The standard vector repre- 
sentation for the light amplitude at that point is given 
above each focal order in the brightness graph. 

When the aperture stop for the lens in Figure 12 is 

2S reduced in diameter, so as to restrict the incident light to 
only one full-period zone, as diagrammed in Figure 13, 
the large depth of field arising by reason of the pinhole 
effect masks the bifocality of the phase zone plate. In 
eliminating the second full-period zone, there is eliminat- 

30 ed the light canceling vector at the one-half order image. 
The resulting envelope of intensity (dashed line 22 of Fig- 
ure 1 3) is that of a simple pinhole lens. 

Figure 14 illustrates the cross-sectional view of a 
lens designed according to the profile of Figure 10. Fig- 

35 ure 14 shows the lens in conjunction with an aperture 
stop restricting the incident light to two full-period zones 
and its corresponding graph of brightness versus focal 
power, showing two focal points of equal brightness. The 
standard vector representation for the light amplitude at 

*o that point is given above each focal order in the bright- 
ness graph. The vector diagrams of Figure 1 4 are rotated 
with respect to the vector diagrams of Figure 12. 

Figure 15 shows the distribution of light and light in- 
tensity of the phase zone plate of Figure 10, utilizing an 

45 aperture stop of one full-period zone. Figure 15 shows 
the lens of Figure 10 in conjunction with an aperture that 
restricts the incident light to one full -period zone, and its 
corresponding graph of brightness vs. focal power, 
showing two focal points of equal brightness. The figure 

50 shows that when the aperture stop is reduced in diame- 
ter, so as to restrict the incident light to only one full-pe- 
riod zone, the bifocality of the phase zone plate is still 
very apparent. Even though the second full-period zone 
is eliminated, there is complete destructive interference 

55 of the light at the one-half order image. The resulting en- 
velope of intensity remains that of a bifocal phase zone 
plate lens. 

Figure 16 shows the cross-sectional view of the pro- 
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each interface between an odd and even half-period 
zone at the even zone radii r k , where k is an even 
number, exhibits a continuous profile, said zone 
plate providing two or more focal points even when 
used with aperture stops as small as one full-period 
zone. 

2. An optical device according to claim 1 comprising a 
sinusoidal repetitive profile in the phase zone plate. 

3. An optical device according to claim 1 comprising a 
parabolic repetitive profile in the phase zone plate. 

4. An optical device according any one of claims 1 to 
3 in the form of an intraocular lens. 

5. An optical device according to any one of claim 1 to 
3 in the form of a contact lens. 



Patentanspruche 

1. Optische Vorrichtung, die eine Phasenzonenplatte 
mit mehreren Brennpunkten, mit eingeschnittenen 
2S Facetten in mehreren ringformigen, konzentrischen 
Zonen umfafct, die gemaG der Formel 

r k = V(Konstantexk), 

worin r k der halbperiodische Zonenradius fur Zone 
30 kund k= 1 , 2, 3, etc. ist, in Abstand angeordnet sind, 
dadurch gekennzeichnet, daft die geraden Zonen 
an jeder Grenzflache zwischen einer geraden und 
einer ungeraden halbperiodischen Zone bei den 
ungeraden Zonenradien r k , bei denen keine unge- 
ar rade Zahl ist, eine Zonentiefe aufweisen, die doppelt 
so groS ist wie die Zonentiefe der ungeraden Zonen 
an jeder Grenzflache zwischen einer ungeraden und 
einer geraden halbperiodischen Zone bei den gera- 
den Zonenradien r k , bei denen k eine gerade Zahl 
*o ist, und jede Grenzflache zwischen einer ungeraden 
und einer geraden halbperiodischen Zone bei den 
geraden Zonenradien r k: bei denen k eine gerade 
Zahl ist, ein kontinuierliches Profil aufweist, wobei 
die Zonenplatte zwei Oder mehr Brennpunkte liefert, 
45 auch wenn sie mit Blendenbegrenzungen verwen- 
det wird, die so klein sind wie eine vollperiodische 
Zone. 



file of a phase zone plate described in copending appli- 
cation serial number 222,000, filed July 20, 1988. The 
repetitive profile of this phase zone plate is given by 

d = D 0 - {1/2 + 1/2 • cos (it - r 2 /b 2 )} 
The facet depth for an equal energy split is given by 
D 0 = 0.405 -X/(n-1) 
and the intensity split is given by 

I, - 1 2 = Jq (0.405 • n) =0.403. 

Figure 1 6 illustrates the profile of a multifocal phase 
zone plate configured by cutting blazed facets of optical 
path length (depth) 0.4 wavelength deep, where the 
blazed facet has a cosine step profile. Figure 17 is a 
cross-sectional view of an aperture lens of this invention 
utilizing the profile characteristics of the phase zone 
plate design illustrated in Figure 16. Figure 17 shows a 
portion of the profile of a phase zone plate created by 
translating the phase zone plate profile of Figure 16 by 
exactly one half-period zone. The radii r k in Figure 16, 
are marked off in half-period zones. And for this profile, 
when the aperture stop is reduced in diameter, so as to 
restrict the incident light to only one full-period zone the 
brfocality of the phase zone plate is not compromised. 

It has been pointed out above that by translating the 
phase zone plate profile by one half-period zone, bifo- 
cality is maintained even with an aperture stop as small 
as a full-period zone. This is not to say that the quality of 
image seen under such circumstances would be as good 
as if the aperture stop were 2 or more full-period zones. 
The condition for which the lens of the invention has been 
developed is not accommodated by conventional phase 
zone plate designs because at low aperture stops, the 
patient would lose all bifocality with the conventional 
phase zone plate design. Thus, the invention provides a 
level of bifocality in performance at low aperture stops 
that is unattainable from the conventional phase zone 
plate design, regardless of the carrier lens in which the 
phase zone plate is incorporated. 



Claims 

1. An optical device comprising a multiple focal point 
phase zone plate having blazed facets in a plurality 
of annular concentric zones spaced according to the 
formula 

r k = V (constant x k) 

where r k is the half-period zone radius for zone k and 
k = 1 , 2, 3, etc., characterised in that the even zones 
at each interface between an even and an odd 
half -period zone at the odd zone radii r k , where k is 
an odd number, exhibit a zone depth which is twice 
the zone depth of the odd zones at each interface 
between an odd and an even half-period zone at the 
even zone radii r k , where k is an even number, and 



2. Optische Vorrichtung nach Anspruch 1 mit einem 
so sinusformigen, sich wiederholenden Profil in der 

Phasenzonenplatte. 

3. Optische Vorrichtung nach Anspruch 1 mit einem 
parabolischen, sich wiederholenden Profil in der 

55 Phasenzon enp latte . 

4. Optische Vorrichtung nach einem der Anspruche 1 
bis 3 in der Form einer intraokularen Linse. 
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5. Optische Vorrichtung nach einem der Anspruche 1 
bis 3 in der Form einer Kontaktlinse. 



Revendication© s 

1 . Dispositif optique comprenant une lamelle zonee de 
phase a points focaux multiples comportant des 
facettes en echelettes dans plusieurs zones con- 
centriques annulaires espacees selon la formula : 10 

r k = V (constante x k) 

ou r k est le rayon de zone d'une demi-p6riode pour 
la zone k et k = 1 , 2, 3, etc., caracterisd en ce que 
les zones paires a chaque interface entre une zone is 
d'une demi-penode paire et une zone d'une 
demi-periode impaire aux rayons r k de zones impai- 
res, ou k est un nombre impair, presente une pro- 
fondeur de zone qui est deux fois la profondeur de 
zone des zones impaires a chaque interface entre 20 
une zone d'une demi-p6riode impaire et une zone 
d'une demi-periode paire aux rayons de zones pai- 
res r k> ou k est un nombre pair, et en ce que chaque 
interface entre une zone d'une demi-periode impaire 
et une zone d'une demi-p6riode paire aux rayons r k 25 
de zones paires, ou k est un nombre pair, presente 
un profil continu, ladite lamelle zonee donnant au 
moins deux points focaux pairs lorsqu'elle est utili- 
sed avec des ouvertures de diaphragme aussi fai- 
bles qu'une zone d'une periode complete. 30 

2. Dispositif optique selon la revendication 1 , compre- 
nant un profil sinusoidal repdtitif dans la lamelle 
zonee de phase. 

35 

3. Dispositif optique selon la revendication 1 , compre- 
nant un profil parabolique repetitif dans la lamelle 
zonee de phase. 

4. Dispositif optique selon Tune quelconque des reven- *o 
dications 1 a 3, ayant la forme d'une lentille intrao- 
culaire. 

5. Dispositif optique selon I'une quelconque des reven- 
dications 1 a 3, ayant la forme d'une lentille de con- 45 
tact. 
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